HSAG-1 is a 3.4 kb mammalian genomlc element which has been shown to stimulate the amplification of the pSV 2 DHFR expression vector in cis when transfected into a variety of cell lines (1). This amplification stimulatory activity requires the interaction of multiple positive acting elements that include sequence features associated with recombination 'hotspots', such as Alulike repetitive sequences and A/T rich regions (2). We demonstrate here that two other members of the HSAG family of elements, HSAG-2 and HSAG-5, also stimulate vector amplification. By analysis of the HSAG-2 nucleotide sequence and of the amplification activity of HSAG-2 and HSAG-5 subfragments, we show that this activity also Involves the interaction of multiple positive acting elements. The autonomous replication of the HSAG containing vectors is not responsible for this effect. We also show that the orientation of HSAG elements in pSV 2 DHFR has a profound effect on their amplification stimulatory activity, and present evidence that the transcription of these elements in pSV 2 DHFR is necessary for the effect. ovary) hybrid cell genomic library (18), was subcloned into pSV 2 DHFR (19) and found to stimulate vector amplification following transfection into a variety of mammalian cell lines (1). This activity required the interaction of multiple positive acting elements (1, 2) . In order to further investigate the question of the mechanism of this phenomenon, we decided to examine the generality of the sequence features found in HSAG-1 in other active elements.
INTRODUCTION
Gene amplification, an increase in the copy number of genes, is a strictly controlled process in certain multicellular organisms (for review see 3) and, although rare in normal mammalian cells 1-7 in (4, 5) , occurs with frequencies between 10~3 and 10 transformed cells (4, 6) . A number of different mechanisms for gene amplification have been proposed (for review see 7) , which may be affected by nucleotide sequences which are in trans (8, 9) as well as in cis (10) (11) (12) (13) (14) (15) . Direct evidence for cis acting elements in mammalian cells include a fragment of DNA that induces amplification in response to 5-/bromo-deoxyuridine (16) , plasmid amplification promoting sequences isolated from mouse rDNA (17) , and the HSAG family of sequences, the subject of this paper.
HSAG-1, a 3.4 kb genomic element, cloned from a human CLL-CHO (chronic lymphocytic leukemia-Chinese hamster MATERIALS AND METHODS pSV 2 DHFR constructs HSAG-1, HSAG-2 and HSAG-5 (18, 21) and their subfragments were subcloned in the same orientation, unless otherwise noted, into the EcoRI site of pSV 2 DHFR (19) (Fig. 1 ) using standard techniques (22) . The pSV 2 DHFR vector will be referred to as D; HSAG-1 in the 'left-hand' orientation in pSV 2 DHFR as HLD (Fig. 1) ; and HSAG-1 in the 'right-hand' orientation as HRD (Fig. 1 ).
Cell culture, transfection and survival curve assay
The culture and transfection of the CHO cell line, LR73, (23) was carried out as described previously (1) . Briefly, LR73 cells were co-transfected by the calcium phosphate precipitation technique (24) with 0.5 /ig of the dominant selectable marker, pSV 2 AS (25), 5 /tg of the pSV 2 DHFR test construct and 10 /ig of genomic carrier DNA. Transfectants were selected for asparagine synthetase (AS) expression in asparagine-free medium containing 2 mM albizziin, an inhibitor of the mammalian AS gene. The resulting transfectant colonies were trypsinized, pooled, grown for several days in non-selective nucleoside-free medium, and then plated in selective media containing different concentrations of methotrexate (MTX); the resulting colonies were fixed, stained, and counted microscopically. The frequency of surviving colonies was normalized to the frequency of colonies transfected with the parental vector, scaled according to a value of 50 given to the HLD construct, and averaged for two different MTX concentrations (0.6 and 2.0 /tM); amplification activities for a minimum of two separate experiments were averaged. HLD usually gave frequencies of colony survival 50 times greater than D; this procedure allowed comparison between sets of transfections where the HLD normalized frequency differed significantly from this value.
Nucleotide sequencing and computer analysis
The sequence presented was compiled from sequencing both strands or multiple sequencing of the same strand using the dicleoxynucleotide chain termination method of Sanger et al. (26) .
Sequence analysis was carried out using DNASIS (Hitachi Software Engineering Co. Ltd.) and standard computer programs for nucleic sequence analysis adapted for use by the Clinical Research Institute of Montreal. The ANALYSEQ (27) and DIAGON (28) programs were used extensively in this analysis.
RESULTS
We have previously shown that HSAG-1 promotes pSV 2 DHFR vector amplification in cis (\). To determine if other members of the HSAG family of middle repetitive elements had similar activity, HSAG-2 (18) and HSAG-5 (21), were subcloned into the unique EcoRI site of pSV 2 DHFR (Fig. 1) (19) and their amplification activity assayed using a methotrexate (MTX) survival curve assay (1) . It can be seen in Figure 2 that LR73 cell populations transfected with the HSAG-2 and HSAG-5 containing vectors, as with HLD, had an increased frequency of MTX resistant cells compared to cells transfected with the parental D vector. Previous work has shown that this increased MTX resistance results from a higher frequency of cells with elevated copy numbers of the DHFR containing vector (1). Five of five HSAG family members tested to date including HSAG-1 (1), HSAG-2 and HSAG-5 ( Fig. 2) , and LRH-1 and LRH-2 (2) markedly stimulate gene amplification, as opposed to one of 24 random CHO genomic clones (2).
HSAG-1 and HSAG-2 sequence analysis
A computer assisted analysis of the nucleotide sequences of HSAG-2 (Fig. 3 , EMBL Accession No. X51544) and HSAG-1 (29, EMBL Accession No. X03822) was conducted. HSAG family members are known to possess clusters of diverged Alulike elements (20) and HSAG-1 contains 12 Alu-like sequences within 3.4 kb (29); these are less than 80% homologous to the corresponding Alu consensus sequences (30) . HSAG-2 was found to have 9 diverged Alu-like elements within 9.3 kb (Fig. 3) , including a CHO Type I Alu at position 8434 which has apparently transposed into a CHO Type II Alu with the generation of flanking 10 bp direct repeats. Analysis of sequenced portions of HSAG-5 (unpublished data), showed that this element has two A comparison of the nucleotide sequences of HSAG-1 and HSAG-2 using OVRLAP and DIAGON programs (28) found no extensive homology aside from Alu-like elements and d(AT) n tracts, using a criterion of 12 bp with 1 mismatch or 10 bp with no mismatches (data not shown). Comparison of HSAG-1 and HSAG-2 with GENBANK did not reveal significant homologies to other sequences apart from those with repetitive elements or A/T rich regions (data not shown). Further analysis of HSAG-1 and HSAG-2 with the ANALYSEQ programs (27) found these sequences to have numerous stop codons in all possible reading frames, such that the longest open reading frames were 465 and 372 bp respectively; when subjected to tests for protein coding capability using several algorithms, including Shepherd's (31) and Fickett's (32) , these open reading frames did not rank as high as true protein coding cDNA sequences. This low protein coding potential, coupled with the lack of sequence homology between HSAG-1 and HSAG-2, made it unlikely that the stimulation of gene amplification by these elements is mediated by a common polypeptide coded for directly by the HSAG elements themselves.
Activity of HSAG-1, HSAG-2, and HSAG-5 subfragments
To identify the sequence features required for the amplification stimulatory activity, various fragments of HSAG-1, HSAG-2, and HSAG-5 were subcloned into the EcoRI site of pSV 2 DHFR, transfected into LR73 cells, and the activity of the resulting transfectants determined with the MTX survival curve assay. The results of this analysis are shown in Figure 4 . Like HSAG-1 (top of Figure 4 ; ref.
2), the amplification activity of HSAG-2 and HSAG-5 is not all or none but graded in magnitude, with most subfragments having a fraction of the activity of the parent element. Detailed analysis of HSAG-1 subfragments and deletion mutants of the highly active HSAG-1 EcoRI-Xbal fragment (HI RX) led to the suggestion that multiple positive acting elements were involved in the amplification effect (2) . Similarly, more than one sequence or structural feature appears to be necessary for maximum activity of HSAG-2 and HSAG-5. One example of this is the H5 RH and H5 HR fragments which have 15% or less of the activity of HSAG-5 individually, yet combined give HSAG-5 an activity greater than that of HSAG-1. These multiple positive elements also appear to be redundant as both H2 RPv, the left end of HSAG-2, and H2 PvR, the right end, are as active as the entire HSAG-2 for amplification stimulatory activity. The presence of elements that negatively affect activity may also be postulated, as the EcoRI-Xbal subfragment of HSAG-1 (HI RX) and the Sst-Sst subfragment of HSAG-2 (H2 SS) were more active than the complete HSAG-1 and HSAG-2 elements respectively; the additional sequences appear to dampen activity.
Role of Alu-like elements
Alu-like sequences were found in all HSAG-1, HSAG-2, and HSAG-5 fragments with an amplification activity greater than the SstI site (6885 bp). Removal of 65 bp from the right hand end of H2SS, including this Alu-like element, reduced activity 30%; however, the resulting construct, SSA, was still as active as the full length HSAG-2 element (Fig. 4) . Previous work has shown that the presence of repetitive sequences in a series of random CHO genomic clones was insufficient for amplification activity (1) , and that BLUR-8, the prototype human Alu element (33) , in pSV 2 DHFR, was itself inactive (unpublished results). These results and the high activity of H2 SSA indicates that, while Alu-like elements may increase the amplification stimulatory activity of HSAG elements, they are neither sufficient nor essential for this activity.
Role of purine-pyrimidine tracts
Both HSAG-1 and HSAG-2 possess large d(AT) n tracts (Figs.  2, 3) ; the d(AT) n tract of HSAG-1 (3204 bp) was implicated in the activity of the diminutive HI BgR fragment (2). The d(AT) n tract (7085 bp) of HSAG-2, however, is located outside of the very active H2 SS fragment, and is present in the inactive H2 SR fragment. At least one of the two other long alternating purinepyrimidine tracts in HSAG-2, d(AC) 39 (2633 bp) and dtGT)( 5952 bp), is present in all highly active fragments of HSAG-2, except for H2 BgXh. The presence of a d(GT) n tract however, does not assure activity (see H2 SPv and H2 AS). Like Alu-like elements, purine-pyrimidine tracts thus appear to be neither sufficient nor essential for activity.
Role of stem loop structures
Potential hairpins or stem-loop structures have been found in the vicinity of novel joints formed during gene amplification (34, 35) . HSAG-1 possesses two stem-loops with a minimum 12 bp stem and 80% stem homology (Fig. 4) , just before (centered at position 3186) and at the d(AT) n tract (3204 bp) while HSAG-2 has 7 distributed throughout its length. Stem-loop structures, however, do not occur with a greater frequency in active, as opposed to inactive HSAG-2 subfragments (compare the inactive H2 SR with 3 stem-loops to the larger active H2 SS fragment also with 3 stem-loops).
A/T-rich regions
HSAG-2 possesses a number of regions which are greater than 70% A/T and over 30 bp long distributed throughout its length ( Fig. 3) . Again the presence of A/T-rich DNA alone is not sufficient for amplification activity; for example, H2 SR contains a 92 bp segment of DNA which is 88% A/T and is inactive. This, however, does not preclude a role for A/T-rich regions in stimulating the amplification activity of HSAG-2; thus the addition of a 297 bp sequence which is 76% A/T to H2 AS with an activity of 8 produces the H2 PvS fragment which has an activity of 45. Further extension of the H2 PvS sequence to the SphI site (3521) adds a 92 bp region which is 75% A/T and increases the activity to 70, the level of H2 SS.
Autonomous replication of HSAG containing vectors
HSAG-1 and HSAG-2 were found to contain 5 and 7 regions respectively ( Fig. 4) with a minimum 10/11 match to the yeast ARS (autonomously replicating sequence, 36) consensus (A/T)TTTAT(A/G)TTT(A/T). Although the role of such sequences in mammalian DNA replication has not been established, they have been found in 7 of 8 monkey origin rich sequences (ors) (37) and recently in the initiation region of the amplified DHFR replicon from CHO400 cells (38) . The Dpnl sensitivity assay (39) was used to determine directly if HLD or RXD plasmids replicated autonomously in LR73 cells. As an internal control, the cells were cotransfected with the D plasmid, which lacks amplification stimulatory sequences. At day 0 ( Autonomous replication was also tested in SV40 T antigenproducing COS cells (Fig. 6) . While the HLD and RXD constructs replicated well due to the presence of the SV40 origin present in pSV 2 DHFR, they did not replicate as well as the parental vector D. These experiments suggest that HSAG-1 and HI RX do not possess origins of replication functional in LR73 cells nor do they stimulate the SV40 origin of replication in COS cells. The potential effects of HSAG sequences integrated into the genome on replication in vivo, however, remain to be investigated.
Orientation dependence of HSAG sequences and transcription
The orientation of the HSAG insert in the EcoRI site of pSV 2 DHFR has a profound effect on the activity of a fragment. All experiments described above were done with the inserts in the 'left-hand' orientation (as in HLD, Fig. 1 ). When HSAG-1 is in the 'right-hand' (HRD) orientation (Fig. 1) , the activity was half that of HLD, as shown in the MTX survival curve of Figure  2 . This orientation dependence of the insert was also observed with all highly active fragments of HSAG-2 and HSAG-5 tested, without exception (data not shown). A possible explanation for the orientation dependence is the involvement of strand specific transcription.
To investigate this question, the nature and quantity of HSAG homologous transcripts in HLD and HRD transfected cells was analyzed. The equal level of DHFR transcripts in total RNA from HRD and HLD transfectants resistant to 0.6 /tM MTX ( difference in the frequency of HRD relative to HLD MTXresistant transfectants cannot be attributed to a difference in the level of DHFR transcription in these constructs. The two DHFR transcripts observed result from the use of alternative vector polyadenylation signals. A striking difference between the two plasmids in the quantity and nature of HSAG-1 homologous transcripts, however, was observed (Fig. 8, upper panel, HRD and HLD lanes at right). A 6.5 kb transcript that includes flanking pBR322 and SV40 vector sequences is transcribed from the HLD vector and, while the site of initiation of this transcript is unknown, it is not a read-through of the DHFR transcript (unpublished data). The HRD vector, in contrast to HLD, produces a series of transcripts of different sizes, with none as abundant as the HLD HSAG-1 homologous transcript. These results show a correlation between the orientation dependence of the amplification phenomenon and the quantity of vector-HSAG transcription.
Northern analysis of RNA preparations from cells transfected with several HSAG-1 and HSAG-2 subfragments indicates that all pSV 2 DHFR EcoRI inserts in the 'left-hand' orientation are transcribed, regardless of their activity (data not shown). The results of this analysis for several subfragments of the highly active HI RX fragment are shown in Fig. 7 . A similar analysis of a series of HSAG-2 subfragment constructs with different levels of activity demonstrated that they also were all transcribed at approximately the same level regardless of their activity (data not shown). These studies indicate therefore that, while HSAG transcription may be necessary for activity and may influence the level of activity of a fragment, transcription of inactive elements is insufficient for activity; certain sequence or structural features may still be lacking.
Significance of HSAG transcription
To address the question of the requirement of vector-initiated HSAG transcription for amplification stimulatory activity, D, HRD and HLD vectors were linearized at the unique BamHI site downstream from the SV40 early polyadenylation site (Fig. 1) prior to transfection into LR73 cells and assessment of amplification activity by MTX survival curves. Linearizing the plasmids at the BamHI site abolished the amplification activities of HRD and HLD (data not shown). Northern analysis of total RNA from transfectants resistant to 0.6 yM MTX indicated that this loss in activity did not result from decreased vector DHFR transcription, at least in the case of HLD transfectants (compare the level of BamHI-cut HLD DHFR transcripts to that of uncut HRD and HLD, Fig. 8, bottom panel; the reason for the decrease in BamHI-cut HRD DHFR transcription is unclear). While DHFR transcription was unaffected in BamHI-cut HLD transfectants, linearizing the plasmids at the BamHI site did abolish transcription of HSAG-1 sequences in the HRD and HLD transformants (Fig. 8, upper panel) . Thus in this case, there was a strong correlation between lack of transcription and loss of amplification activity.
DISCUSSION
The frequency of gene amplification can vary a hundred fold between different cell lines (4, 8, 9) and by the same factor at different loci within a particular cell line (13) . Sequences that promote illegitimate recombination have been implicated in gene amplification and have been suggested to function as novel joint 'hotspots' (34, 40, 41) . Other sequences that stimulate gene amplification in cis have also been described (10) (11) (12) 16, 17) . HSAG-1 (18) promotes the amplification of the expression vector pSV 2 DHFR in cis when transfected into different mammalian cell lines (1) . This effect was dependent on the interaction of multiple positive acting elements in HSAG-1, with the native genomic configuration of these elements as found in HSAG-1 producing the greatest effect (2) .
In this paper we describe two other HSAG family members that promote pSV 2 DHFR amplification, HSAG-2 and HSAG-5. As was observed with HSAG-1, several subfragments of HSAG-2 and HSAG-5 had partial amplification activity, suggesting that the stimulation of vector amplification by all HSAG elements involves the interaction of multiple positive acting elements. While die comparison of the nucleotide sequences of HSAG-1 and HSAG-2 (this paper) indicated little intersequence homology, both family members possessed several sequence features associated with gene amplification-recombination 'hotspots', including repetitive elements, stem-loop structures, and alternating purine-pyrimidine tracts (34, 40) as discussed below. The presence or absence of any one of these sequence features in a particular HSAG fragment did not assure or preclude activity. We submit, however, that several of these features are required in a particular organization for maximal activity, and that different types of positive acting elements may be interchangeable.
Both HSAG-1 and HSAG-2 were found to contain clusters of Alu-like sequences which could contribute to their ability to stimulate amplification. The novel amplification joint 'hotspot' in the adenylate deaminase amplified domain contains four Alu equivalent sequences (40) ; clusters of human Alu sequences have also been associated with genomic instability (40, 41, 42) . In a similar fashion, the poly purine-pyrimidine tracts in HSAG family members may promote gene amplification as both poly (44) (45) (46) (47) , perhaps by influencing chromatin structure and allowing greater accessibility to recombination enzymes.
A/T-rich regions in HSAG-1 and HSAG-2 may also influence amplification activity (see Results). A/T-rich regions have been implicated in the amplification process in other mammalian systems (40, 41) and are also required for yeast ARS function (36) . The A/T-rich regions in HSAG may therefore promote DNA unwinding (see additional references in 40) and allow entry of recombinases or other proteins that promote amplification.
At this point, it is not known whether any of the predicted stemloops (Fig. 4) or palindromic sequences found in the HSAG elements are actually involved in recombination events during the amplification of the pSV 2 DHFR vector. Hairpin structures have been hypothesized to be involved in illegitimate recombination during amplification (34) and novel joints have been shown to occur within predicted stem-loop structures (35, 40) .
Autonomous replication of pSV 2 DHFR in LR73 or COS cells was not stimulated by the presence of HSAG-1 sequences and therefore does not seem to be a factor in stimulation of amplification by HSAG sequences. It is nevertheless possible that the integrated HSAG elements may interact with the cellular replication machinery to influence amplification.
The orientation of HSAG-1 and HSAG-2 subfragments in pSV 2 DHFR affects their amplification stimulatory activity, with the 'left' orientation producing the greatest effect. Several pieces of evidence indicate that transcription of HSAG-1 inserts is involved in this orientation dependence: (i) HSAG-1 transcription in HRD is a fraction of that of the more active HLD construct and (ii) linearizing the vector with the restriction enzyme BamHI abolishes HSAG transcription and also abolishes the amplification stimulatory activity of HLD and HRD. In both cases, alterations in the level of DHFR transcription are not responsible for the differences in MTX resistance. Transcription alone, however, is not sufficient for activity as several highly transcribed subfragments of HSAG-1 and HSAG-2 have little activity. The sequence and structural features of the transcribed sequences may thus also be important. We hypothesize that transcription may increase the activity of an HSAG fragment altering conformation of the insert. Transcription increases the superhelicity of DNA (48) , which may increase its recombinogenicity (49) . It has been suggested that actively transcribed genes are also more accessible to sequences and proteins involved in recombination (50, 51, 52) .
The effect of the HSAG elements is therefore likely to be due to a combination of sequence and structural features, such as repetitive sequences, purine-pyrimidine tracts, stem-loops and A/T-rich regions, and the transcription of these elements, which all work in concert to enhance recombination, a necessary process in the generation and resolution of amplified structures (for review see 7). Multiple positive acting elements are involved, which, as HSAG-1 and HSAG-2 are not generally homologous, are unlikely to be highly sequence specific and may each contribute in a quantitative fashion to amplification activity. A strong precedent for multiple interacting elements which affect gene amplification has previously been set with the identification of the functionally redundant amplification enhancing regions in the Drosophila chorion gene cluster (12) . While there are thousands of copies of HSAG family members in the genome, these results suggest that unless these elements are transcribed they may not stimulate gene amplification. It is appealing to propose that alterations in the sequences flanking one of these elements or its transposition from a transcriptionally inactive region into one that is more active would create a 'hotspot' for gene amplification. In the relatively genetically unstable environment of tumorigenic cells (4, 53) , such changes could activate endogenous HSAG elements and through increased gene amplification contribute to the malignant phenotype. It remains to be seen if these elements function in this fashion in vivo.
